University of Texas at El Paso

DigitalCommons@UTEP
Open Access Theses & Dissertations

2011-01-01

Fundamental Studies Of Co-Base Superalloy
Biomedical Prototypes Fabricated By Electron
Beam Melting: Microstructures And
Microstructural Architecture
Sara M. Gaytan
University of Texas at El Paso, smgaytan@miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Materials Science and Engineering Commons, and the Mechanics of Materials
Commons
Recommended Citation
Gaytan, Sara M., "Fundamental Studies Of Co-Base Superalloy Biomedical Prototypes Fabricated By Electron Beam Melting:
Microstructures And Microstructural Architecture" (2011). Open Access Theses & Dissertations. 2290.
https://digitalcommons.utep.edu/open_etd/2290

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

FUNDAMENTAL STUDIES OF CO-BASE SUPERALLOY BIOMEDICAL
PROTOTYPES FABRICATED BY ELECTRON BEAM MELTING:
MICROSTRUCTURES AND MICROSTRUCTURAL ARCHITECTURE

SARA MARISELA GAYTAN GUILLEN
Materials Science and Engineering

APPROVED:

Lawrence E. Murr, Ph.D., Chair

Stephen W. Stafford, Ph.D.

Jorge A. Lopez, Ph.D.

Juan C. Noveron, Ph.D.

Benjamin C. Flores, Ph.D.
Acting Dean of the Graduate School

Copyright ©

by
Sara M. Gaytan
2011

DEDICATION

Thank you to everyone that has been part of my life, especially to my family and Alejandro.
Without them this would have been harder to accomplish. I can tell you that the two phrases that
kept me motivated and kept my stress level low were: “Dios dira” (“God knows better”) and “Un
dia a la vez” (“One day at a time”), so feel free to use them as convenient .

FUNDAMENTAL STUDIES OF CO-BASE SUPERALLOY BIOMEDICAL
PROTOTYPES FABRICATED BY ELECTRON BEAM MELTING:
MICROSTRUCTURES AND MICROSTRUCTURAL ARCHITECTURE
by

SARA MARISELA GAYTAN GUILLEN, M.S.

DISSERTATION

Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

DOCTOR OF PHILOSOPHY

Materials Science and Engineering
THE UNIVERSITY OF TEXAS AT EL PASO
December 2011

ACKNOWLEDGEMENTS
First I want to thank Dr. L. E. Murr for all his support and advice, without him I would not
have stayed for this degree. Thank you to my research group, especially Frank Medina, Edwin
Martinez and Brenda Machado. This project could not have been accomplished without the help of
David K. Brown. To all of you, thank you very much.

v

ABSTRACT
Rapid prototyping, especially electron beam melting (EBM) technology by ARCAM have
proven to provide outstanding microstructural and mechanical properties on different alloys
fabricated by this technology.

Being a computer designed driven technology, complex

components, that are hard or even impossible to fabricate by traditional manufacturing
techniques, can be fabricated by layer-by-layer EBM technology.
Microstructural and mechanical properties are compared for an EBM femoral knee
component prototype with a traditionally-fabricated and body-removed femoral knee implant.
Block and cylindrical shape components fabricated by EBM were also analyzed for this project.
The alloy utilized for these components is Co-26Cr-6Mo-0.2C characterized by the standards of
ASTM F75 cobalt alloy. Microstructural characterization was performed by optical metallography
as well as SEM, TEM, EDS and XRD. Mechanical properties consist of Vickers and Rockwell-C scale
hardness, as well as tensile testing. Tensile testing for the EBM as-fabricated components and
annealed components was performed in two different directions. Only hardness testing was
possible on the patient-extracted, traditional knee component.
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STATEMENT OF THE PROBLEM
The evolution of manufacturing technologies implies the need for characterizing
different materials available in order to obtain the best properties intended for specific
applications.

Rapid manufacturing by electron beam melting is becoming an ideal

technology to create complex shapes through computer-controlled self-assembly by
sintering or melting of powder layers (Murr, et al. 2009a).

The EBM system, more

specifically the ARCAM system, has been created “to revolutionize the art of
manufacturing”. The idea for this dissertation is to characterize Co-Cr-Mo components
fabricated by electron beam melting (EBM) and compare microstructures with the
properties obtained. Equally important is the urge to compare properties of as-fabricated
components and fabricated components after annealing to obtain a better understanding
on how to benefit the EBM manufactured components. The Co-Cr-Mo alloy is a Co-base
superalloy and has had both aerospace and biomedical (implant component) applications.

JUSTIFICATION
As stated in the 2010 Annual Worldwide Progress Report, and according to the
president of Arcam, Magnus Rene, six EBM machines are being used by a client to
manufacture more than 25,000 medical implants per year at one location, in Italy; these
implants have already received CE-certification and therefore Europe’s acceptance of these
implants is increasing (Wohlers, 2010).
It is already a fact that customized porous titanium-based alloy implants are being
implanted in reconstructive surgery for motor vehicle accidents, tumors and combat
injuries, i.e. “Christensen’s work (president and chief technical officer at Medical Modeling
Inc.) with the Walter Reed Army Medical Center has enabled it to build and successfully
1

implant more than 30 custom porous titanium implants into wounded soldiers”; he was
recognized in 2009 for introducing EBM technology into the fabrication of Ti-base alloy
implants (Society of Manufacturing Engineers, 2009).
Rapid prototyping (RP) technology is available at UTEP, more specifically in the W.
M. Keck Center for 3D Innovation. A variety of technologies are available for research at the
Keck Center, but this dissertation research utilized the EBM system for implant fabrication.
Being rapid prototyping an innovative technology, the reason for this project is to analyze
Co-Cr-Mo alloys fabricated by electron beam melting, since the applications can be very
varied.

Being an alloy that can withstand high temperatures, and has a high wear

resistance, it can be used in gas turbines; valve seats, nuclear power plants, automobile
engines, aerospace fuel nozzles and engine vanes and components, as well as in a variety of
orthopedic and dental implants (Anthony, 1983; Alamert and Bhadeshia, 1989; Shin, et al.
2003; ARCAM 2011a).

Furthermore, while Co-base alloy microstructure-property

relationships have been examined for cast and wrought products, there are no comparable
studies for EBM fabricated products. Moreover, by combining 3D implant models and
rapid prototyping technologies, the capability of fabricating custom anatomical implants
can be realized (Vail, et al. 1999).

PROPOSAL
Microstructural analyses and measurements of mechanical properties of different
geometrical components as well as femoral-knee implant shape components fabricated by
electron beam melting will be conducted and compared in this research effort. Equally
important will be the comparison of these EBM fabricated components with a traditional
manufactured and body-removed implant. This will provide a database for Co-Cr-Mo that
could lead to a new era of customized Co-Cr-Mo implants and other applications fabricated
by electron beam melting, as well as a microstructural understanding/comparison between
2

implants traditionally fabricated and EBM fabricated, specially a femoral-knee Co-Cr-Mo
component. Of particular interest will be the correlation of optical microscope imaging
with transmission electron microscope imaging for variously fabricated and heat treated
components fabricated by EBM.

3

CHAPTER 1
INTRODUCTION
Rapid prototyping and manufacturing (RPM) technologies can be considered as new
technologies if we compare them to other manufacturing technologies that have been
around for a much longer time such as machine analog manufacturing. RPM technologies
started in 1986 with the creation of stereolitography (SL) technology, and that led to the
creation of more innovative technologies. In the period of 1986 to 1998 two hundred and
seventy four patents were registered in the US related to RPM techniques, mainly related to
the stereolitography process (Yognian, et al. 2009). Figure 1.1 shows a chronological
representation on how analog and digital manufacturing appeared through the years. It
can be observed how digital manufacturing by rapid prototyping started in mid 1980s.

Figure 12.3.1.1 Chronological representation of analog and digital manufacturing through the years
(Yongnian, et al. 2009).
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According to Ryan et al., porous metals or metal foams can be divided in two
different categories: closed and open cell.

In the first one the pores are completely

surrounded by metal while in the open cell category the pores are only interconnected with
each other allowing tissue ingrowth in the case of potential implants as well as gas or fluid
flow which could allow heat exchange applications and the like (Ryan, et al. 2006). Figure
1.2 shows how porous metals have been categorized according to the resulting pore
distribution providing the fabrication methods. Rapid prototyping only appears in the
open-cell division to create homogeneous and functionally graded when in reality rapid
prototyping is ideally able to create any component designed in CAD. It has already been
proven that anything that can be designed by CAD can be built by EBM as long as the
minimum specifications of the system are met (Murr, et al. 2009a).

Figure 12.3.1.2 Fabrication methods for closed and open cell components (Ryan, et al. 2006).
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CHAPTER 2
BACKGROUND
2.1 RAPID PROTOTYPING
RP (rapid prototyping) refers to a process that takes information from a 3D
computer-aided design (CAD) database to produce solid models which can have several
benefits. Among these benefits can be the improved ability to visualize the part geometry
and fit, and this way design errors can easily be detected and prevented due to the physical
existence of the part, as well as the reduction/elimination of waste and costly late design
changes (Noorani, 2006). Some of the available RP technologies for plastic components are
stereolithography (SL), selective laser sintering (SLS), fused deposition modeling (FDM)
and 3D printing (Noorani, 2006).
Rapid prototyping applications consist in different popular areas such as functional
prototypes, casting patterns, medical models, artwork and engineering analysis models
(Pham, et al. 2002). By prototypes it is understood that they play a role in the product
development process and as such they can be used for different purposes.

For

experimentation, learning, testing and proofing, as well as interaction and integration
(Chua, et al. 2003).
Nowadays some manufacturing enterprises have started to use rapid prototyping
methods (or additive manufacturing, AM) for complex pattern making and component
prototyping to shorten the time for pattern, molds and prototype development as well as
the verification of form, fit and function (Yan and Gu, 1996; Noorani, 2006).
Three-dimensional printing (3DP), a rapid prototyping technology, has been used by
Ryan et al. to create porous implants with controlled size, shape and distribution of the
porosity from CoCr alloys in Galway, Ireland (Ryan, et al. 2006). Laser Engineered Net
Shaping (LENS) is being used to fabricate Co-Cr-Mo porous load bearing implants in
6

Pullman WA (Espana, et al. 2010). However, as noted above, there are no systematic
materials science and engineering analyses of Co-Cr-Mo components fabricated by EBM.

2.2 GAS ATOMIZATION PROCESS
EBM consists in the melting or sintering of powder particles by an electron beam
following instructions from a CAD design. Co-Cr-Mo powder utilized for this project is
created by a gas atomization process. This process consists in the disintegration of molten
metal into powder by using high pressure gas in a closed, inert gas-filled chamber to
prevent contamination. Spherical particles are obtained by the expanding gas breaking the
melt stream into molten droplets that spherodize before reaching solidification, the
process is performed in an inert atmosphere or in vacuum. Higher melt temperatures and
gas pressures are used to obtain smaller particles (Oshida, 2007; German, 2005; Bradley,
1988).

2.3 ELECTRON BEAM MELTING (EBM)
The company responsible for making available a rapid prototyping system that
creates metal components with outstanding microstructural and mechanical properties is
ARCAM AB from Sweden founded in 1997 and commercialized in 2001. The fundamental
idea of ARCAM started in 1995 with the collaboration of Chalmers University of Technology
in Gotherburg, Sweden (Chua, et al. 2003). ARCAM of Sweden offers a process called
electron beam melting that basically utilizes an electron optical system to melt metal
powder in vacuum. In 2009 a new system was launched: ARCAM A1 which is aiming at the
orthopedic market. This technology used the patented MultiBeam technology that allows
for simultaneous melting at multiple locations which is said to improve both productivity
and surface finish (Wohlers, 2010).
7

2.3.1 EBM ADVANTAGES
High precision and quality can be obtained in the ARCAM A2 machine used for this
study. EBM rapid prototyping makes possible the creation of metal complex components
out of a computer design model by melting powder particles. This process is ideal for high
strength or high temperature applications, since the powder material used is Co-Cr-Mo,
besides the advantage of being an alloy that can create light weight porous components,
near-net shapes with reduced material input and less machining to produce a finished part
(Bradley, 1988; Ramsdale, 2004-2006). If we compare AM technologies with injection
molding, AM can lead to the elimination of tooling costs and lead times. When compared to
computer numerical control (CNC) machining for part production, AM will have a minimum
in waste material (Wohlers, 2010).
2.3.1.1

DIRECTIONAL SOLIDIFICATION
It can be assumed that the stronger a material becomes, it also becomes more

susceptible to brittle fracture (Murr and Stein, 1976).

Directionally solidified (DS)

columnar grained superalloys are used for high temperature applications, such as turbine
airfoils.

Since it was found that grain boundaries represent weak points, columnar

structures by directional solidification, with the grains aligned parallel to the blade axis can
significantly improve the performance of the same, as stated by Durand-Charre (DurandCharre, 1997). It is also stated that alignment of the grain boundaries normal to the stress
axis improves ductility at elevated temperatures since failure is not initiated at the grain
boundary, besides the fact that directionally solidified processes provide a preferred
orientation parallel to the solidification direction that provides a preferred low modulus
(<001> texture) (Sims, et al. 1987).

8

2.4 CO-BASE ALLOYS
Pure cobalt has very few applications but this metal is important for scientific study.
It has a hexagonal closed packed crystal structure at lower temperatures and it transforms
to face centered crystal structure at temperatures above 417°C up to its melting point
(~1495°C). This temperature (417°C) depends on purity and rate of temperature change
and controversy regarding fcc stability exists (Battelle Memorial Institute, 1960); in
addition, fcc cobalt is a low-stacking fault energy element. Chromium, tungsten and
molybdenum stabilize the fcc structure but most of the times the alloys will have the
metastable fcc structure due to the slow fcc to hcp transformation process due to the very
low free-energy change associated with the fcc to hcp transformation of cobalt (Battelle
Memorial Institute, 1960). These alloying elements, besides acting as stabilizers, provide
solid solution hardening and form hard, abrasion-resistant carbides. Chromium also
provides a higher corrosion resistance to the alloy. Cobalt-base superalloys are mainly
formed by a significant amount of nickel, chromium and tungsten, and lesser amounts of
molybdenum, niobium, tantalum, titanium, lanthanum and iron in some instances, where
cobalt is the major constituent. These alloys are strengthened by solid solution and carbide
phases from the addition of 0.4 to 0.85% carbon. Commonly, high temperature
applications use softer and tougher compositions while wear resistance applications use
harder grades (Betteridge, 1982; Askeland and Phule, 2006; Campbell, 2008; Bradley,
1988).
Cobalt-base alloys can be considered high temperature materials, and the most
important characteristics of these materials can be summarized in three categories. First,
is the ability to withstand loading at an operating temperature close to its melting point, and
this happens when the homologous temperature is more than 0.6 (Ƭ = [Toper/Tm] > 0.6 ).
Another important characteristic of this alloys is a substantial resistance to mechanical
degradation over extended periods of time, this means that creep must be considered as well
9

as the static properties of yield stress, ultimate tensile strength and fracture toughness.
Finally, tolerance of severe operating environments.

This could mean the corrosive

environment due to high sulphur levels, potassium salts and the possibility of oxidation
due to high operating temperatures, reminding that any surface degradation can diminish
the life of the component (Reed, 2006).
Commercial cobalt-base superalloys always contain alloying elements that provide
strength, creep resistance, or resistance to surface degradation to the alloy. It has been
stated by Stoloff and others that cobalt-base alloy are hardened by precipitation of either
carbides or intermetallic compounds (Sims, et al. 1987). Cobalt is used in corrosion and
wear resistant alloys, high speed tool steels, cemented carbide tools, magnetic materials
and low expansion alloys.
2.4.1

CO-CR-MO

Co-Cr-Mo has a high corrosion resistance due to the high chromium content that
forms a thin passive oxide layer, which makes it an ideal candidate for metal-on-metal
bearing surfaces in orthopedic implants. In addition to the excellent corrosion resistance
this alloy also provides a high cycle fatigue resistance as well as strength and ductility, in
addition, a high wear resistance depending on the size, shape and distribution of carbide
precipitates is achieved. Another microstructural aspect to take into consideration is the
prospect of a fine grain size for superior tensile and fatigue properties (Janaki, 2008;
Campbell, 2008).
Co-Cr alloy’s Young’s modulus ranges between 100 to 200 GPa, 248 GPa for CoCrMo
alloy, and by fabricating an implant with fully dense outer surface and interconnected
porosity in the inside can reduce the stiffness of the material without sacrificing its wear
resistance (España, 2010). Fully dense Co-Cr alloy stiffness is more than 10 times that for
hard (cortical) bone. Co-Cr-Mo alloys are available for different purposes depending on
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their compositions, manufacturing conditions and thermal treatments, which are
dependent on temperature and time. Any variation of these factors alters the materials
microstructure as well as the mechanical properties (Cawley, et al. 2003; Escobedo, et al.
1996).
Heat treatments alter the microstructure of materials, which can be the grain size
and distribution of the carbide phases and/or the type of carbides obtained: M23C6, M7C3,
M6C where M can be chromium or a combination of chromium or molybdenum. A study
conducted by Cawley et al., basically consisted in comparing the microstructures of the
same Co-Cr-Mo alloy as cast, wrought and with different heat treatments, finding that the
carbides obtained from all the thermally processed samples were richer in chromium than
molybdenum and no difference in hardness was obtained from the as-cast and the
thermally treated materials (Cawley, et al. 2003). None of these issues have been studied
in any detail for Co-base alloys fabricated by additive manufacturing.
The cobalt alloy utilized for this project consisted in ASTM F75 and F799 Co-base
powder consisting of 29%Cr, 6%Mo, 0.22%C, 0.25%Ni, 0.7%Si, and the balance Co in
weight percent. Table 1 depicts nominal compositions of cobalt-base alloys for medical
implant applications obtained from the ASM Handbook (ASM International, 2004). The
average powder size was ~40 μm, while the powder melting point was ~1430°C. Having a
Young’s modulus E=210GPa, and a density ρ=8.44g/cm3 (Gaytan, et al. 2010).
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Table 1. Nominal compositions
ASTM

Trade

Composition, wt%
Condition

name
F75

F799

2.4.1.1

Haynes
Stellite
21

Co/Cr/Mo

Haynes
Stellite
21

Co/Cr/Mo

Co

Cr

Mo

bal

27-30

5.0-7.0

castings
bal

26-30

5.0-7.0

W

C

Ni

Fe

Si

Mn

N

S

P

0.20

0.35

1.00

0.75

1.00

1.00

0.25

0.01

0.02

max

max

max

max

max

max

max

max

max

0.35

1.00

0.75

1.00

1.00

0.25

…

…

max

max

max

max

max

max

…

forgings

METALLIC IMPLANTS AND AEROSPACE APPLICATIONS
Cobalt-base alloy use is limited due to the difficulty in fabrication, but continuous

development in casting methods have been the result of continuous work.

The first

medical use of cobalt-base alloys was in the casting of dental implants due to its excellent
resistance to degradation in the oral environment. Nowadays, the use of cobalt-base alloys
for surgical applications is widely related to orthopedic prostheses for the knee, shoulder
and hip (socket ball and stem) as well as fracture fixation devices (Marti, 2000; Shetty,
1995; Higuchi, et al. 1997).
Determination of the material, design and manufacturing process depends on the
intended application. Customized maxillofacial implants start with the physical model of
the patient’s CT scans and the use of current RP techniques (Bertol, et al. 2010). A
successful total knee replacement can last more than 10 years while an implant
replacement with a critical outcome can have a high failure rate: reported failure rates
range between 3% at 10 years and 39% at 4 years (Cristofolini, et al. 2009). Similarly,
these alloys find numerous applications in hard-facing aerospace/aeronautics components.
Cobalt-base alloys, also known as Stellite ® alloys are also used for applications that
require high resistance to wear, particularly at elevated temperatures and corrosive
environments, for example in nuclear, aerospace and gas turbine industries (Radu, et al.
2004; Ning, et al. 2005).
12

2.4.1.2

SAMPLE ACQUISITION
Build components fabricated by EBM have been obtained from different places and

people, thanks to Francisco Medina at the W. M. Keck Center. It can be stated that solid and
as-fabricated components in the shape of blocks and cylinders were obtained from Andy
Christiansen at Medical Modeling located in Golden Colorado.

The as-fabricated

component in the shape of a knee implant was obtained from Mylin Cumberland at De Puy
Orthopaedics in the Johnson and Johnson Medical Devices section, located in Fort Wayne,
Indiana. On the other hand, the as-fabricated mesh and the annealed and polished knee
implant component were obtained from Shane Collins at ARCAM located in Sweden, while
the annealed and HIPped blocks and cylinders were sent from Ulf Ackelid from ARCAM at
Sweden. The body-removed implant utilized for this project was provided by Dr. S. W.
Stafford from The University of Texas at El Paso.
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CHAPTER 3
METHODOLOGY
3.1 EBM
The EBM system schematic is shown in Figure 3.1 corresponds to an ARCAM A2.
There are two different and available EBM systems as provided by ARCAM. ARCAM A1
system has been designed by specialists for implant manufacturing while the ARCAM A2
system has been designed for the aerospace and defense industries since the building
chamber can be interchanged to choose between wide and tall. Another system mentioned
and utilized for this project is the S12 system which basically is the first version of the A1
system, and the same material quality is expected from both systems.
In general, the EBM machine has an operation system similar to an optical or
electron beam welding system. It utilizes a current of ~10A (DC) that drives a tungsten
filament in the electron gun operating at an anode potential of 60 kV, shown by number 1.
A set of electromagnetic lenses are used to focus the electron beam along with the aid of
scanning coils, appreciated in number 2 and 3. Number 4 shows two powder cassettes
located at each side of the system that gravity-feed the building table of Co-Cr-Mo powder
that is being raked (5) providing a uniform layer of approximately 100µm in thickness to
create the designed component into a solid form in the building chamber at number 6.
Number 7 shows the building table that goes down 1mm at a time to provide the sequential
layer requirement to finish the build component originally designed. The build chamber
works under a vacuum of ~10-4 Torr and normal building utilizes a helium gas bleed at
~10-2 Torr to facilitate build cooling and thermal stability. The melt scan is driven by a
three dimensional (3D) computer aided design (CAD) program melting only the desired
portions in the powder layer (Murr, et al. 2009b; Murr, et al. 2009c). The maximum built
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size is 200x200x330 mm, meaning that it can accommodate building components up to
~0.2 m3 (Arcam A2, 2011).
Along with the EBM system there is a powder recovery system that enables 95%
powder recovery from build components that can be reused for subsequent building after
sifting the powder obtained to utilize powders only in the proper range size. Pressured air
is blown to recently fabricated components in a closed chamber in order to obtain loose
and unmelted powder attached to the build component. The air used for this system is
compressed at a pressure of 500 kPa and it is filtered to remove moisture and oil traces
(Ulf, 2011).

Figure 2.4.1.1 Schematic of Electron Beam Melting (a) and Co-Cr-Mo powder particles (b).
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3.2 OPTICAL METALLOGRAPHY
Optical metallography was performed on the horizontal and vertical planes layerbuilt samples by EBM. The horizontal plane is perpendicular to the EBM build direction
while the vertical plane is parallel to the same. Sample preparation consisted in cutting the
component and mounting the cut sample with the area to be examined facing down the
mount, a mixture of powder and liquid Koldmount® was poured into a 3cm diameter
mount and it solidified in 30 minutes. Proper grinding consists in placing the plane-to-beexamined in the standard 8-inch rotating wheels with a consecutive sequence of grinding
paper, from coarsest to finest (80, 220, 320, 500, 800, 1000 and 1200), with a 90°rotation
after each paper used; water running is used to avoid sample heating. After grinding, the
sample was rinsed in water and then polished in a soft cloth with 1μm, 0.3μm and 0.03μm
alumina and then rinsed in ethyl alcohol. Once the surfaces were mirror-like, with no
visible scratches, they were ready to be etched.
Etchant solutions used were three different ones. For the as-fabricated samples a
solution consisting of 12 parts of hydrofluoric acid (HF) and one part of hydrogen peroxide
(H2O2) was used, the interesting part on this is that a 16 hour exposure was necessary to
obtain a decent microstructure, when usually takes about 30 seconds. The annealed and
polished-finish samples were attacked with two different etchant solution consisting of
100mL water, 10mL hydrochloric acid (HCl), 10mL nitric acid (HNO3) and 3 gr. of iron (III)
chloride (FeCl3) with an exposure of approximately 5 minutes to obtain a grain boundary
contrast. A different variation of an etchant used for electrolytic etching consists of 100ml
H2O, 5ml HCl and 10g of FeCl3 for 20 seconds at 8V, the other solution used for these
components consists of 6 parts of HCL and 1 part of H2O2 for a period of time of about 5
minutes. Samples were analyzed in a Reichert MEF4 A/M metallograph microscope and
photographs were recorded using an AmScope Microscope MD600 digital camera.
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3.3 HARDNESS AND TENSILE TESTING
Vickers microindentation hardness testing was performed on samples analyzed by
optical microscopy using a Shimadzu HMV-2000 microindentation tester. Rockwell C-scale
hardness (HRC) with a load of 150kgf (1.5kN) was also performed on the horizontal and
vertical planes of all the samples with the exception of the mesh component. Tensile
testing was performed in an Instron 500R tensile machine at room temperature (20°C) to
pull as-fabricated cylindrical components that were machined by David Brown to create
tensile specimens, this components were pulled in the direction parallel to the building
direction. As-fabricated tensile specimens pulled in the direction perpendicular to the
building direction as well as components that had been under annealing and HIPing pulled
in both directions were sent to Metals Technology, Inc., located in Northridge California for
tensile testing. Scanning electron microscopy was used to analyze the fractured surfaces.
From tensile testing, yield strength, ultimate tensile strength and percent elongation were
obtained.

3.4 SCANNING ELECTRON AND TRANSMISSION ELECTRON
MICROSCOPY
A Hitachi S4800 field-emission SEM utilizing secondary electron imaging at a
voltage of 20kV was used to analyze the fractured surfaces from the tensile testing, as well
as the Co-Cr-Mo powder utilized for the electron beam melting system. Energy Dispersive
X-ray Spectroscopy (EDAX) in the SEM was used to perform chemical analysis of the
components. Samples in the vertical and the horizontal direction were prepared for TEM
analysis. Sample preparation consisted in thinning the area of interest to a thickness less
than 0.2mm and then punched into 3mm disks followed by electro-polishing of each
sample. Electrojet polishing was performed using a Struers Tenupol-5 dual-jet unit using a
solution consisting of 15% perchloric acid (HClO4) and 85% acetic acid at a temperature of
17

-10°C and using a voltage of 20V. Once successful samples were obtained, they were
analyzed in a Hitachi H-9500 TEM at 300kV.

3.5 X-RAY DIFFRACTION
Specimens from this project were analyzed in a D8 Discover XRD system by Bruker.
Powder was deposited in a powder holder container consisting in an indented cylinder of
~2 cm in diameter and approximately 0.5 cm in height.

Solid EBM manufactured

components were also analyzed to find the chemical composition of the carbides obtained
from the optical micrographs as well as the crystal structure and preferred orientation of
the cobalt alloy. Solid specimens that were analyzed were accommodated so that the
polished sides faced the beam path (obtained from metallography specimen preparation).
Annealed samples and samples obtained from the body-removed implant were analyzed as
well by XRD.
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CHAPTER 4
RESULTS
4.1 POWDER
Powder particles utilized for the ARCAM system were analyzed by SEM; Figure 4.1.1
is a low magnification image of the powder particles. A histogram was obtained finding an
average powder size of ~40 μm and a bimodal distribution of the particles was obtained as
can be observed from Figure 4.1.2. Consider the fact that both small and attached particles
to larger particles and large particles were considered for the analysis, therefore obtaining
a bimodal distribution. Figure 4.1.3 and 4.1.4 show defective powder particles due to the
gas atomization process. From Figure 4.1.3 it can also be observed how small particles are
attached to bigger particles. Figure 4.1.5 illustrates a magnified SEM view of the Co-Cr-Mo
atomized precursor powder; powder particle morphology can be appreciated. In the same
way, Figure 4.1.6 shows the cross section of a powder particle which was mounted in a
resin solution material and then proper sample preparation was performed, grinding up to
1000 grid paper, polished with 1.0, 0.05, and 0.03μm alumina powder, and etched to reveal
a unique solidification microstructure.
Figure 4.1.7 illustrates the characteristic XRD spectrum for the Co-Cr-Mo powder in
Figure 4.1.1 to represent Co0.8Cr0.2 hcp/hexagonal crystal structure with a P63/mmc space
group, and lattice parameters a = 2.52 Å; c = 4.06 Å. As it was expected, the powder
particles had no evidence of carbides or intermetallic ordered compounds such as Co3Mo
(hcp) for incipient melting or slower solidification processes (Kilner, et al. 1982).
Only microindentation hardness was performed on the precursor Co-Cr-Mo powder.
Vickers hardness was measured on powder’s cross section that had previously polished
and etched, as shown in Figure 4.1.6. The average obtained was 630 HV which corresponds
to a value of 6.3GPa.
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Figure 2.4.1.1 Low magnification SEM image of Co-Cr-Mo powder particles
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Figure 2.4.1.2 Powder particles histogram
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Figure 2.4.1.3 Higher magnification SEM image of smaller powder particles attached to big particles

Figure 2.4.1.4 Defect in powder particle obtained from the gas atomization process
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Figure 2.4.1.5 High magnification of SEM micrograph showing powder particle tomography features

Figure 2.4.1.6 Microstructural features of powder particles cross section
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Figure 2.4.1.7 X-ray Diffraction of powder particles
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4.2

AS-FABRICATED COMPONENTS

As-fabricated components refer to any shape fabricated by EBM that has not been
treated after removal from the powder bed in the ARCAM system. By treated it is meant
that they have not been under any type of heat treatment such as annealed, they have
neither been HIPped, or even polished. These components have been analyzed this way in
both vertical and horizontal directions for comparison purposes and they are divided into
two different categories. The first one implies fully dense components referred to as “solid
component” having an average density of ~8.4g/cm3. The second category is for the mesh
components which consist of lower density shapes due to the addition of open pores to
create strong lightweight materials.
For this project, solid components consist of three different shapes as can be
observed from Figure 4.2.1, where a) and b) show a block and cylindrical component and
the arrow in between the two shapes represents the building direction, as stated
previously. Figure 4.2.1 c) and d) show the same femoral knee component viewed from
two different angles, the rectangle in figure d) shows the support material (enclosed in a
rectangle) that is needed for certain shapes to avoid the sample from collapsing down
when the melting process is occurring in the subsequent layers, the arrow indicates the
building direction of the component, image on the left shows a radiograph illustrating knee
implant. Support material, besides being used to obtain an optimum component shape, is
designed so that it can be easily removed and minimum powder material is used for its
building. In addition, minimum energy and beam scans are utilized in this support material
that is also fabricated out of the Co-Cr-Mo powder.
Figure 4.2.2 shows a rectangular mesh component fabricated by the EBM system. It
can be seen how the design of this prototype allows a porous inside where unmelted
powder particles can be easily removed from the interior. Measured density for this
component was ~1.5 g/cm3, in comparison with fully dense component (~8.4 g/cm3). It
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should be mentioned that different pore sizes can be achieved by the EBM system allowing
a wide range in densities for the components fabricated.

Figure 2.4.1 Co-Cr-Mo as-fabricated solid components

Figure 4.2.1 Mesh component
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4.2.1

SOLID COMPONENTS

Figure 4.2.1.1 shows the microstructure obtained from the block component. It is a
three-dimensional representation of the component geometry illustrating two vertical
planes and one horizontal. It can be observed how precipitates are arranged in a columnar
fashion in the vertical plane and they have a unique arrangement in the horizontal plane. It
can be stated that the beam heat is responsible for the precipitation obtained for this alloy
since it is continually created thought out the whole sample and always in a columnar
fashion for the vertical plane.

This represents a unique, directional solidification

microstructural architecture not obtained in any processing regime before.

Figure 4.2.1.1 Columnar architecture
from block component
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Samples in both vertical and horizontal directions were prepared for transmission
electron microscopy and the shape of the carbide precipitates can be observed from Figure
4.2.1.2 a) and b). Figure 4.2.1.2 a) shows a low TEM magnification while Figure 4.2.1.2 b)
shows a higher magnification image. From both images it can be observed how precipitates
are interacting with dislocations and stacking faults providing a higher hardness for the
material. Again, the arrow in the figure indicates the building direction of the component.

Figure 4.2.1.2 a). TEM image of block component.
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Figure 4.2.1.2 b). TEM image of block component.
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Figure 4.2.1.3 shows TEM images of the precipitates as observed in the block
component can be observed how individual precipitates show a cubic shape measuring
about 100 to 200 nm on the side. Figure 4.2.1.3 b) and d) are the higher magnification of
figures a) and c) respectively. In order to obtain the precipitate shape sample had to be
tilted and consequently dislocations and stacking faults were no longer diffracting and
visualization of the same was almost imposible.

Figure 4.2.1.3 Cr23C6 precipitates observed in block component
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Even when we know that Cr23C6 carbides are face centered cubic in structure and
we already observed cubic precipitates present, that was not always the case. Images such
as the one shown in figure 4.2.1.4 shows the selected area electron diffraction (SAED)
pattern shows microtwins and double diffraction spots representing both the matrix and
the precipitates along with some extra reflections characteristic of twin faults created by
the EBM process. This SAED pattern is indicative of regions of overlapping intrinsic
stacking faults on every {111} plane in the Co-rich fcc matrix (a=0.355nm).

Figure 4.2.1.4 Stacking faults in block component at 10kx.
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Figure 4.2.1.5 shows Cr23C6 particles interacting with or generating dislocations. In
addition, the SAED pattern insert shows [100] Cr23C6 zone axis superimposed on [112] fcc
Co-rich matrix zone axis. Since Cr23C6 lattice parameter a=10.66Å and Co (fcc) has a lattice
parameter of a= 3.55Å, from the diffraction pattern insert it can be observed how this
corresponds to the two components mentioned before. The diffraction spot spacings for
the matrix and carbide are therefor a factor of 3 different as noted in the SAED pattern
insert in Fig. 4.2.1.5.

Figure 4.2.1.5 Precipitates and dislocations interaction in as-fabricated EBM component.
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Figure 4.2.1.6 show two different areas obtained from the same sample from the
horizontal plane in the block component, where figure 4.2.1.6 b) is at a higher
magnification than figure a). Both images show examples of the dense intrinsic stackingfault arrangements. From the SAED pattern of similar images it can be stated that dense
stacking faults intersecting at 90° for faults on {111} planes inclined ~55° to the (100)
surface plane, and in the <022> trace directions as shown by the arrows.

Figure 4.2.1.6 Intersecting intrinsic stacking faults.

An as-fabricated cylindrical component, shown in figure 4.2.1.7 was also analyzed in
both vertical and horizontal directions. Microstructure similar to the block component was
also found on the as-fabricated cylindrical component. A columnar array of precipitates
was obtained in the vertical plane while a unique array of carbides was obtained in the
horizontal plane as shown in the three-dimensional representation in Figure 4.2.1.7. It can
be stated that grain boundaries of the component in any direction are the thick wavy lines
as shown by the small arrows, while the vertical arrow represents the building direction. It
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must be emphasized how this type of architectural microstructure (columnar rows of
carbides) is new and not observed by any other processing or manufacturing technology.

Figure 4.2.1.5 shows

Figure 4.2.1.7 Microstructure obtained from cylindrical component
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Figure 4.2.1.8 (bright field TEM image) shows irregular Cr23C6 carbides, dislocations
and stacking faults present in the horizontal plane of the cylindrical component. It can be
observed from the SAED inserted at the right bottom of the image shows the fcc Co
diffration spots as the matrix including the (100) fcc Cr23C6 diffraction spots. From images
like Figure 4.2.1.8 can be stated that the Cr23C6 carbides exhibit a variety of irregular
microstructures.

Figure 4.2.1.8 TEM image of cylindrical component at 4000x

34

Image 4.2.1.9 is an example of how dislocations are interacting with the matrix and
precipitates in the as-fabricated cylindrical component.

It can also be observed that

precipitates are irregular in shape and interaction with the dislocations takes place. A
dislocation density of 3.6x109/cm2 was obtained from this image.

Figure 4.2.1.9 TEM image of as-fabricated cylinder showing a dislocation density of 3.6x109/cm2
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Figure 4.2.1.10 shows the same image at two different tilt angles to show how
stacking faults and dislocations become visible at the right inclination. The difference in tilt
for these two images is less than 20°. While figure a) only shows irregular precipitates in
the presence of countour lines distributed throught the matrix, figure b) shows dislocation
interaction and stacking faults present in the same matrix once the sample was tilted.
Hardness testing in both the Vickers and Rockwell C scale were performed on the
available EBM as-fabricated components. For the block component a Vickers hardness
average value of 440 HV (4.4 GPa) was obtained for the horizontal plane while the
cylindrical component average value for the horizontal plane was 455 HV (4.6 GPa).
Vickers hardness for the vertical plane in the as-fabricated femoral knee component was
measured to be 585 HV (5.9 GPa). Rockwell hardness measurements in the C-scale were
measured to be 44 HRC for the horizontal plane in the block component while a value of 46
HRC was obtained for the vertical plane. The cylindrical component provided an average
value of 47 HRC for the horizontal plane while the vertical plane provided an average value
of 48 HRC. These represent relatively high hardness values and are consistent with some
of the hardest commercially fabricated (wrought) products.
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Figure 4.2.1.10 TEM images obtained from cylindrical component. a) and b) show same area with different
tilt angle.
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Tensile testing was possible by machining the cylindrical components into tensile
specimens that were pulled in the direction parallel to the building direction. Tensile
specimens were also obtained from the bottom part of the block component so that tensile
specimens were pulled in a direction perpendicular to the building direction. The average
yield stress obtained for the specimens pulled in the parallel direction was 0.51GPa, while
the UTS obtained was 1.45GPa, with an average elongation of 3.6%. Specimens pulled in
the direction perpendicular to the building direction provided an average of 0.77GPa for
the yield stress, 0.84GPa for the UTS and a 2.7% elongation.

The values for the

perpendicular direction were higher as might be expected since the columnar array of
precipitates is providing a higher strength to the alloy..
Figure 4.2.1.11 a) shows intergranular fracture representative of brittle fracture and
from c) to d) a sequence of SEM images increasing in magnification obtained from the
fracture surface of a cylindrical component pulled in a direction parallel to the building
direction that showed an elongation of 5%. As magnification is increasing it can be
observed how the dimple array is cubic in shape simulating the fcc Cr23C6 precipitates and
having sizes corresponding to the arrays of carbides (~2 μm). It is important to remember
that percent elongation for these samples ranged from 1 to less than 5%, and no necking
was observed in the sample. Even when dimple arrays were observed in the sample it can
be stated that Co-Cr-Mo alloy as-fabricated by EBM with no post-treatments can be
considered a strong and brittle material. Figure 4.2.1.12 shows intergranular fracture from
the same as-fabricated tensile specimen sample representative of brittle fracture.
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Figure 4.2.1.11 SEM images obtained from fractured end of tensile specimen failed at 5% elongation
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Figure 4.2.1.12 Intergranular fracture from sample elongated 5%

Figure 4.2.1.13 shows a similar microstructure obtained from the as-fabricated
femoral knee component shown in figure 4.2.1 c) and d). The arrow illustrates the building
direction of the component. It can be appreciated how grain boundaries are enclosing
different directions of the precipitate arrays in a somewhat elongated fashion.

The

difference in columnar structures can be due to the difference in thickness of the block and
cylindrical components, providing a faster cooling rate for thicker components. Figure
4.2.1.14 shows an image from the as-fabricated femoral knee component in the horizontal
plane. Both images were etched with a solution consisting of 100 ml H20, 50 ml HCl, 10 ml
HNO3 and 10 gr FeCl3, using 8V for 8 s.
Tensile testing was not possible to perform on the as-fabricated femoral knee
component since the shape of the same does not make it possible to obtain proper tensile
specimens. Even though, it can be stated that thinner EBM components are harder than
thicker components since the cooling rate is higher.
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Figure 4.2.1.13 Microstructure from as-fabricated femoral knee component

Figure 4.2.1.14 Microstructure of femoral knee component
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Hardness values obtained for this component were higher than the other solid components.
While block and solid components provided an average hardness of 4.4 and 4.6 GPa
respectively, the as-fabricated femoral knee component provided an average hardness of
5.9 GPa, this value was obtained from performing microhardness in the Vickers scale (HV)
and following the known equivalence of 1VHN = 0.01 GPa.
Rockwell hardness C scale was also performed on this component providing an
average value of 46 for the as-fabricated Co-Cr-Mo femoral knee component. Even though
this a high value, the highest average value was obtained for the vertical plane of a solid
cylinder with a hardness value of 48.

Nonetheless, hardness values are higher than

expected for EBM as-fabricated components and this is maybe due to the unique carbide
array achieved by the system.
Corresponding XRD spectra for as-fabricated cylinder and block components in both
vertical and horizontal directions as well as the vertical plane of the femoral knee
component are shown in Figure 4.2.1.15. In contrast to the XRD powder spectrum, a
variety of crystallographic and compositional phase mixtures, mostly hcp with a Co or
CoxMoy matrix. XRD data provided information to accurately state that the precipitates
created by the EBM process belong to the M23C6 family, more specifically Cr23C6 which is fcc
with a lattice of a=10.66Å confirming SAED pattern identification. Other phases present in
this spectra are Co (fcc: a=3.55), Co (hcp: a=8.29, c=10.54), Co0.82Mo0.18 (a=2.6, c=4.21),
Co0.9Mo0.1 (hcp: a=2.54, c=4.11) and Co3Mo1 (hcp: a=5.12, c=4.11). It can be observed how
different phases overlap providing insecurity as to which is the right component or how it
is integrated into the overall structural composition and therefore each component has
been added with the corresponding diffracting planes.
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Figure 4.2.1.15 XRD spectra of as-fabricated components.
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4.2.2

MESH COMPONENT

Figure 4.2.2.1 is a low magnification SEM image obtained from a surface side from
the mesh component shown in figure 4.2.2. It can be observed how each powder layer was
melted in a layer by layer sequence as the building table went down approximately one
millimeter each time. It can also be observed how powder particles are completely melted
to create a strong lightweight component. The arrow shows an example of how partially
melted powder particles get solidified and therefore attached to the component. In
addition, it can be observed how pores are clean and free of unmelted powder particles,
powder remaining inside the pores was removed by utilizing the powder recovery system.
Figure 4.2.2.2 was obtained from the cross section of the mesh component. A similar
microstructure to the as-fabricated EBM components is obtained with the difference that
precipitate columns and arrays are finer and smaller.

Figure 4.2.2.1. SEM image of mesh component surface
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This can be due to the difference in solidification rate since the cooling for mesh
components is faster than for thick solid components.

Since mesh component wall

thicknesses are less than ~1mm it was not possible to obtain 3mm in diameter specimens
for TEM analysis. The same situation applies for Rockwell C scale hardness since it was not
possible to perform these measurements bcause of the large indenter size and load.
Therefore, only microhardness was tested in the mesh component, obtaining an average
value of 6.8GPa for the horizontal plane and 5.6GPa for the vertical plane. These can be
compared as and average of ~6.2 GPa in contrast to an average microindentation hardness
of ~4.6 GPa for the solid components (block and cylinder)

Figure 4.2.2.2. Microstructure obtained from Co-Cr-Mo mesh component
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4.3 HIPED AND ANNEALED COMPONENTS
The next type of components to be introduced have gone thought post-treatment
after EBM fabrication. Block and cylindrical samples were built in a single run in april 2008,
from an R41 machine (inside series) which belongs to the S12 system and sent to UTEP in
2010 for analysis from Sweden. As mentioned before, the S12 system corresponds to the
previous model of the Arcam A1 system, and the same quality of material is expected.
Annealed and polished femoral knee component comes also from Sweden but no
specifications were provided. Annealing and HIPing procedure was performed under
ARCAM’s specifications which consists in (as stated by ARCAM website), which also
corresponds to ASTM F-75 standards:
-Hot Isostatic Pressing (HIP) in a shared cycle, with the following
parameters: 1200°C at 1000 bar argon for 240 minutes.
-Homogenization (HOM) heat treatment, with the following parameters:
1220°C at 0.7-0.9 mbar argon for 240 minutes.
-As rapid quench rate as possible, from 1220°C to 760°C in 8 minutes
maximum.
The purpose of this treatment is to dissolve carbides and improve the isotropy of the
microstructure, reducing the brittleness of the as-built EBM material [ARCAM]. Annealing
is performed to increase ductility of the material, and in the same way hardness will be
reduced as well, facilitating forming or machining, and welding, it is also performed to
relieve stresses after welding, to produce specific microstructures or to soften

age-

hardened structures by re-solution of second phases [bradley e.f. ]
Samples with a post-treatment available for this project are blocks and cylinders of
the same dimentions as the as-fabricated components. Analysis of the samples was
performed at similar heights to avoid any data misrepresentation. Figure 4.3.1 shows a
similar femoral knee component as the one analyzed as-fabricated by EBM. It has been
46

assumed that the building direction is the same for figure 4.2.1 c) and d). Figure 4.3.1 a)
and b) shows the same component viewed from two different angles, this component has
gone under ARCAM’s specifications mentioned above and it can be observed that as a final
step the sample has been rough polish as compared to the dull-powder-like appearance
obtained from the EBM system as observed from figure 4.1.2 . From figure 4.3.1 b) it can be
appreciated how mesh structure has been added to the inside of the component. The
purpose of this addition is to allow for bone ingrowth into the mesh and therefore provide
a better fixation. Figure 4.3.2 shows a magnified wiew of the section utilized for analysis. It
can better be appreciated how the mesh structure only goes into the implant to a depth of
~0.3 cm. From the same image it can also be appreciated how powder was melted to form
the mesh.

Figure 4.3.1. Post-treated femoral knee component with mesh inclusion fabricated by EBM.
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Figure 4.3.2. Section used for analysis obtained from femoral knee component.

As already mentioned, etchant solutions were hard to obtain and therefore, the most
significant metallography images will be shown below for comparison purposes. Figure
4.3.3 shows the microstructure obtained from the horizontal plane in the block component.
An etchant solution consisting of 70 ml of H2O, 30 ml of HCl and a voltage variation from 15
to 20 for 30 seconds was used. It can be observed how precipitates were diluted back into
the matrix and grain boundaries were left with a minimum visualization of twin
boundaries. It can be observed how grains differ in size as observed in as-fabricated
components. Figure 4.3.4 shows the vertical plane of a block component but a different
etchant solution was utilized. A solution consisting of 100 ml of H2O, 5 ml of HCl and 10 gr
of FeCl3, 8V and 20s etched only the grain boundaries and no twin boundaries. Small dots
in the image belong to the sample reacting to the etchant and arrow indicates building
direction. Notice how precipitates are not observed anymore.
Figure 4.3.5 shows the horizontal plane of the cylindrical component etched with a
solution consisting of 60 ml of HCl and 10 ml of H2O2. It can be observed how twinning is
more visible in the over etched grain while small sections throughout the sample were
being burned. Figure 4.3.6 shows the vertical plane of the cylindrical component etched
with the solution used for the vertical plane of the block component. Grain boundary can
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be appreciated, arrow indicates building direction. Grain boundaries in the fcc Co-matrix
have an interfacial energy roughtly ~15 times the coherent twin boundary interfacial
energy. Consequently, there is no carbide precipitation on the twin boundaries because the
energy is too low for nucleation to occur.
Figure 4.3.7 and 4.3.8 show the vertical plane of the HIPed and annealed femoral
knee component. Etchant solutions consists of 60 ml of HCl and 10 ml H2O2 for image 4.3.7
and 100 ml H2O, 10 ml HNO3, 10 ml HCl and 3 g FeCl3 for image 4.3.8. It can be
appreciated how figure 4.3.7 illustrates the already familiar equiaxed fcc grain structure as
depicted by the previous images. It can also be observed how annealing twins are located
at preferential grain boundary locations. Preferential carbide etch at high energy grain
boundary segments can be observed from figure 4.3.8. The arrows in both figures indicate
the building direction of the component, which is a direction parallel to the EBM layer
addition.
TEM images representative of the EBM fabricated components that have gone under
HIPing and annealing treatments are shown in figures 4.3.9 to 4.3.14.

49

Figure 4.3.3. Horizontal plane of block component

Figure 4.3.4. Vertical plane of block component.
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Figure 4.3.5. Horizontal plane of cylindrical component

Figure 4.3.6. Vertical plane of cylindrical component.
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Figure 4.3.7. Vertical plane of femoral knee component

Figure 4.3.8. Vertical plane of femoral knee component
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Figure 4.3.9 shows an image corresponding to the horizontal plane in the block
component with a high density of stacking faults interaction, from the electron diffraction
pattern the lack of precipitates can be observed as compared to the SAED patterns obtained
for the as-fabricated EBM components.

Figure 4.3.9. Block horizontal no precipitates in diffraction
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Figure 4.3.10 shows another example of high density of intrinsic stacking faults; this
image belongs to the horizontal plane of an annealed cylindrical component.

Figure 4.3.10. Horizontal plane of annealed and HIPed cylindrical component fabricated by EBM
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Figure 4.3.11 shows a high magnification TEM image from the vertical plane from
the annealed and HIPed femoral knee component. It can be observed how stacking faults
are intersecting at ~90° in a (100) grain orientation. Slight curvature of the thin foil
surface can cause a notable geometry projection variance as shown at the bottom of Figure
4.3.11.

Figure 4.3.11. Vertical plane of annealed femoral knee component
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Figure 4.3.12 shows a low magnification TEM image belonging to the vertical plane
of the HIPped and annealed femoral knee component. High density of intrinsic stacking
faults on (111) planes coincident with the [2 ̅ 0] crystal direction shown in the SAED (110)
pattern insert.

Figure 4.3.12. High density of stacking faults in annealed EBM fabricated femoral knee component
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Figure 4.3.13 besides showing the expected stacking faults, also shows a twin
boundary visible in the top part of the image as well as in the SAED pattern insert. Stacking
faults in the [2 ̅ ̅ ] direction are being twinned in the [002] direction while the ones in the
[ ̅ ̅ ] direction are twinned in the [ ̅ 24] direction obtained from the (110) diffraction
pattern for fcc materials.

Figure 4.3.13. Vertical plane from annealed femoral knee component
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Figure 4.3.14 is another example of high density of stacking faults where the
twinning does not has the right diffracting angle. As observed from the diffraction pattern
twining is also obtained from this image, where the brighter spots are aligned in the [002]
and [2 ̅ 0] directions as obtained from the (110) diffraction pattern.

Figure 4.3.14. Vertical plane in annealed knee component
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Both microhardness (HV) and hardness (HRC) testing were performed on the
annealed and HIPed EBM components. The annealed block component has a hardness of
2.8 GPa in the horizontal plane and 3.3 GPa in the vertical plane obtained from Vickers
testing. Rockwell hardness in the C scale provided a hardness of 29 HRC for the horizontal
plane and 30 HRC for the vertical plane. Hardness testing for the annealed cylindrical
component showed a value of 3.4 GPa for the horizontal plane and 3.7 GPa for the vertical
plane while hardness in the Rockwell C scale belongs to a value of 31 HRC for the
horizontal plane and 31 HRC for the vertical plane. For the annealed and HIPed femoral
knee component a value of 4.7 GPa was obtained for the vertical plane and 40HRC. All the
values provided belong to the average of 10 different measurements when the standard
deviation was less than 2, and about 15 measurements when the standard deviation was
higher.
Tensile testing for the HIPed and annealed components was achieved by machining
the cylindrical component and pulling it, this is in the direction parallel to the building
direction. From the block component, a tensile testing was machined and pulled from the
bottom to perform tensile testing in a direction perpendicular to the building direction. For
the specimens pulled in a parallel direction, average yield strength of 0.60 GPa, a UTS of
1.15 GPa and an elongation of 32% was obtained. The specimens pulled in a perpendicular
direction showed a yield strength of 0.63 GPa, a UTS of 0.99 GPa and an elongation of 20%.
Note these elongations were nearly an order of magnitude higher, on average, than the asfabricated components
Figure 4.3.15 shows images from the fracture surface that was pulled in a
direction perpendicular to the building direction and that showed an elongation of 20%.
Figure 4.3.15 a) show intergranular fracture representative of brittle fracture while c) to d)
show a sequence of increasing magnification showing dimple structure representative of
ductile fracture.
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Figure 4.3.15 Fracture surface from tensile testing
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Figure 4.3.16. Fractured surface showing an unmelted powder particle.

Figure 4.3.16 shows a completely unmelted powder particle were the background
shows intergranular fracture found in the fracture surface of the pulled sample having an
elongation of 20%, this is an example of what should not be found in solid components.
The HIPed and annealed components were analyzed under the XRD as shown in
figure 4.3.17. It can be observed how most of the peaks overlap with at least two different
components with the exception of the peak found at 2θ=74.9, where only Co (hcp) fits.
Carbide precipitates for the annealed components correspond to Cr23C6 (fcc) as expected.
Other phases present in this spectra are Co (fcc: a=3.55), Co (hcp: a=8.29, c=10.54),
Co0.8Cr0.2 (hcp: a=2.52, c=4.06), Co0.9Mo0.1 (hcp: a=2.54, c=4.11) and Co3Mo1 (hcp: a=5.12,
c=4.11). If we compare this figure to figure 4.2.1.14 the most prominent difference is that
instead of having Co0.82Mo0.18 we have Co0.8Cr0.2 peaks, which were present in the powder.
As already stated in the as-fabricated XRD results, all overlapping phases have been
included in the results for comparison purposes.
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Figure 4.3.17. XRD of annealed and HIPed components.
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4.4

TRADITIONAL IMPLANT CHARACTERIZATION
The component to compare in this study was a body-removed implant that was

manufactured by traditional techniques such as casting, forging, etc. The implant obtained
for this project lacks background information. It would have been of use to know how long
the implant was inside a body, why it was removed, how old was the person using it, etc.
Since no information is available, the analysis will be limited to comparison of
microstructure and hardness, since tensile testing is not possible due to insufficient
material available to machine tensile specimens. Figure 4.4.1 shows the implant component
as received. It can be observed how cement and blood are still attached to the implant,
EDAX analysis was performed after cleaning the sample and it can be observed how the
knee component is a Co-Cr-Mo alloy comparative to the one utilized for EBM while the rod
that goes into the femur to obtain a better fixation is Ti-6Al-4V alloy. Note that this
appliance has no porous or open cellular features which would assist bone ingrowth and
compatibility.

Figure 4.4.1. Traditionally manufactured femoral knee component implant
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X-ray fluorescence of this component showed a 28.96% Cr, 6.76% Mo, 0.5% Mn and
63.78% Co. Figure 4.4.2 shows a stereo micrograph image taken after etching the polished
Co-Cr-Mo body removed implant. Since the microstructure was visible by the naked eye, an
image of this was included for reference. It can be observed how a regular array of
precipitates depicts the grain orientation for each section. The same area as for the asfabricated and the annealed EBM femoral knee components was analyzed even though the
fabrication method was different.

Figure 4.4.2. Co-Cr-Mo low magnification image showing microstructure.

Figures 4.4.3 and 4.4.4 show two different low magnification images obtained from
the same section while figure 4.4.5 shows a higher magnification image of the same. If this
component had been built by EBM, the images shown below had been obtained from the
vertical plane. It has to be mentioned that this microstructure is different to the
microstructure for cast and wrought Co-Cr-Mo alloy as depicted in Volume 9 of ASM
handbook (pg. 964). This microstructure resembles a microdendritic array containing a
high density of carbide precipitates.
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Figure 4.4.3. Low magnification image from traditionally manufactured femoral knee component

Figure 4.4.4. Low magnification image from traditionally manufactured femoral knee component
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Figure 4.4.5. Traditionally manufactured knee implant

Hardness testing performed on this component shows a HV hardness of 4.6 GPa and
for hardness in the Rockwell C scale a value of 26 HRC was obtained.

From the

microstructure obtained as well as the hardness, it could be assumed that, after casting the
implant, a heat treatment was performed that let the microstructure grow in size and at the
same time the hardness decreased. It must be stated that tensile testing was not possible
to perform from the Co-Cr-Mo implant due to the shape of the same. The presumed anneal
would normally follow ASTM F75 standard which was followed for annealing and HIPing of
the EBM-fabricated femoral appliance shown in Figure 4.3.1
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Figure 4.4.6 shows stacking faults interacting with each other and from the
diffraction pattern we can observe the spots array belonging to precipitates. The
precipitates can be easily observed in the (112) plane aligned mainly in the [1 ̅ ] direction
at 19.5°.

61.9°

19.5°

Figure 4.4.6. TEM image of traditionally manufactured Co-Cr-Mo implant component
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Figure 4.4.7 shows a lower magnification image showing how besides stacking
faults interacting with the precipitates, dislocations are also part of the microstructural
defects obtained for this sample. Diffraction pattern shows the same as Figure 4.4.6. It is
significant to note that in the annealed, EBM-fabricated femoral appliance shown in Figures
4.3.9 to 4.3.14 there are essentially no Cr23C6 precipitates while Figures 4.4.6 and 4.4.7
show a high density of precipitates.

Figure 4.4.7. Lower magnification TEM image of Co-Cr-Mo traditionally manufactured implant
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XRD results for the body-removed Co-Cr-Mo implant are shown in figure 4.4.8. It can
be observed how precipitates unexpectedly correspond to Cr3C2 (bco: a=2.85, b=9.25,
c=6.96) instead of Cr23C6. Another big difference with EBM fabricated components is that
now Co7Mo6 (r: a=4.76, c=25.6) fits in all the peaks but the one at 2θ=46.5.

Figure 4.4.8. XRD of body removed Co-Cr-Mo knee implant.

Besides analyzing the microstructure obtained for the Co-Cr-Mo traditionally
manufactured component, the Ti-6Al-4V rod component was also analyzed. Figure 4.4.9
and 4.4.10 show low and high magnification optical images showing forged and annealed
microstructure of Ti-6Al-4V alloy representing a fine grained alpha-matrix with beta-phase
dispersed that can be better appreciated in the higher magnification image. A hardness of
32 HRC and 3.5 GPa was obtained from Rockwell C- scale and Vickers microhardness
testing. This is a common hardness for annealed, wrought Ti-6Al-4V.
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Figure 4.4.9. Low magnification image of Ti-6Al-4V rod component

Figure 4.4.10. High magnification image of Ti-6Al-4V rod component
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Equiaxed grain structure obtained from Ti-6Al-4V rod component where alpha
phase is represented by the white grains and beta phase is present in the dark areas shown
in figure 4.4.11. Inserted is the diffraction pattern obtained from the image.

Figure 4.4.11. TEM image of Ti-6Al-4V rod component

71

Higher magnification image of Ti-6Al-4V rod component showing fringe contrast
present at the grain boundaries along with dislocations present in the matrix are shown in
Figure 4.4.12. The grain boundary fringes indicate that many of the α-phase grains are
separated by a single grain boundary, and no β-phase.

Figure 4.4.12. Ti-6Al-4V rod component from body-removed implant.
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XRD results for the body removed Ti-6Al-4V implant are shown in figure 4.4.13.
Ti1.335Al2.665 (hcp: a=5.77, c=4.64) shows the most peaks match since only 2θ=87.5 does not
match. Other components overlapping at different peaks are TiV (bcc: a=3.16), Ti0.972V0.028
(hcp: a=4.6, c=2.82), Al0.4Ti0.6 (hcp: a=2.88, c=4.61) and Al3Ti (bct: a=3.85, c=8.58).

Figure 4.4.13. XRD of body removed Ti-6Al-4V implant stem.

Please see appendix figures one to three for Ti-6Al-4V EBM fabricated components
for comparison purposes.
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CHAPTER 5
DISCUSSION
5.1 OPTICAL MICROSCOPY
It can be shown schematically how as-fabricated components have a unique array of
carbides representing precipitation in small domains created by the cross scanning of the
electron beam during preheating and in successive layer building with dimensions of ~2µm
observed in the horizontal plane while similar spacing in between columns is observed in
the vertical plane and continuously extending. The schematic shown in figure 5.1.1 shows
how precipitates are being created by the successive layer building, p (x) and p (y)
represent the pre-heat scans while m (x) and m (y) are the melt scans, note that beam scan
direction reverses each succeeding layer. Carbide spacing is mainly determined by the
electron beam focus and scan geometry.

Figure 5.1.1. Carbide precipitates pattern formation.
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The melt scan forms corresponding arrays of ~2μm melt pools which in effect link
across the larger surface, often irregularly as observed from the horizontal images of the
EBM fabricated specimens. This irregularity also extends in the vertical plane or in the
build direction.If we compare the three different microstructures obtained, it can be seen
how different they are. To begin with we have two different views obtained from the asfabricated EBM components, one would be the vertical plane and the other one belongs to
the horizontal plane. Images obtained from a cylindrical component show what has already
been demonstrated by L. E. Murr et. al. (Murr, et al. 2009d) where a detailed study of Ti6Al-4V fabricated by EBM was performed finding that microstructures at the top had an
average α-plate thickness of 2.1 µm in contrast to 1.4 µm for the bottom. In this project
instead of having thicker α-plate thickness we can observe a wider spacing between each
columnar array of precipitates.
Figure 5.1.2 and 5.1.3 compare two different sections obtained from the same asfabricated cylindrical component. Figure 5.1.2 shows a microstructure obtained from the
bottom part of the cylindrical component while figure 5.1.3 shows an image obtained from
the top part of the cylindrical component, both images were obtained from the vertical
plane. Even though the horizontal plane shows the same situation it is not as easily
observed as the vertical plane. Figure 5.1.4 was obtained from bottom section from a
cylindrical component while figures 5.1.5 and 5.1.6 were obtained from the top part.
As already mentioned, the EBM system is creating this unique array of Cr23C6
precipitates that enhance hardness as well. Once the as-fabricated components went
through annealing the characteristic microstructure was obtained, consisting of equiaxed
grains when viewed in a two dimensional array, where the grains form an array of
polygons having three or more sides, where only the annealing twin boundaries, which are
special low angle boundaries, are straight (Tomer, 1991a). Figure 5.1.7 shows the obtained
microstructure for annealed components fabricated by EBM.
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Figure 5.1.2. Vertical plane from the bottom part of as-fabricated cylindrical component

Figure 5.1.3. Vertical plane from the top part of as-fabricated cylindrical component
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Figure 5.1.4. Horizontal plane from the bottom part of as-fabricated cylindrical component.

Figure 5.1.5. Horizontal plane from the top part of as-fabricated cylindrical component.
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Figure 5.1.6. Horizontal plane from the top part of as-fabricated cylindrical component.

Figure 5.1.7. Horizontal plane from EBM fabricated annealed cylindrical component.
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Figure 5.1.8. Microstructure obtained from body removed Co-Cr-Mo implant

Finally, the comparison ends with the microstructure obtained for the body
removed Co-Cr-Mo femoral knee implant component were microstructure has grown in
size probably due to a heat treatment and probably to a somewhat carbon content.
According to Tomer, it is generally more common to prefer small grains in your
microstructure since each grain has its own orientation providing an anisotropic material
(Tomer, 1991), nonetheless, if we consider that by building a component out of EBM and
knowing what to expect you can take into consideration the characteristic microstructure
obtained by EBM at the time of deciding the building direction of the designed component.

79

5.2 TRANSMISSION ELECTRON MICROSCOPY
Images obtained from the TEM reveal more details than optical imaging. The
stacking fault energy of this alloy is ~ 15mJ/m2, and according to Zlateva and Martinova,
materials having an SFE less than 20mJ/m2 have a two-dimensional dislocation
distribution, which is more frequent in alloys due to the lowering in SFE. It is energetically
more advantageous for dislocations to move by splitting into partials separated by SF, and
when the SFE value is low, the SF layer is wider (Zlateva and Martinova, 2008). It is of no
surprise that no matter how the alloy was manufactured or what heat treatment was
performed, stacking faults were visible in all of them.
Twinning was only observed in the EBM fabricated component after annealing. An
important feature of twins is that they do not cross grain boundaries, they can terminate at
grain or twin boundaries or inside the grain interior, besides having very low energy due to
the perfect fitting of boundary atoms, and they occur during recrystallization of low
stacking fault energy materials (Zlateva and Martinova, 2008). For this reason, it can be
assumed that the body-removed implant was heat treated since the microstructure grew in
size, but no twinning was observed.
TEM imaging for this project revealed characteristic features for each sample.
Figure 5.2.1 shows the vertical side of the as-fabricated block component where it can be
observed how the precipitates are spread through the sample. Even though figure 5.2.2
doesn’t show twinning it can be stated that no precipitates were observed, this image
corresponds to the EBM femoral knee component after HIPping and annealing. Figure 5.2.3
corresponds to the body removed femoral knee component showing how precipitates
interact with dislocations and staking faults.
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Figure 5.2.1. a) As fabricated component showing Cr23C6 precipitates.
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Figure 5.2.1. b) As fabricated component showing Cr23C6 precipitates magnified.

82

Figure 5.2.2. EBM fabricated component after annealing.
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Figure 5.2.3. Body removed Co-Cr-Mo implant.

5.3 HARDNESS TESTING
Harness in C scale is different for as-fabricated EBM femoral knee component with
an average value of 46 HRC. Once the EBM component was HIPped and annealed, the
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hardness value dropped, as expected, from 46 HRC to an average value of 40 HRC due to
the dissolution of precipitates back into the matrix. Even though the hardness value was
lower after the heat treatment was performed to the EBM fabricated and treated
component it is still a higher value than the body-removed and traditionally manufactured
component that provided an average hardness value of 26 HRC. It is important to mention
that hardness measurements were taken from the same area in the three components,
which is what belongs to the plane parallel to the building direction (vertical plane) in EBM
fabricated components.
Figure 5.3.1 shows a better comparison representation where average Vickers
hardness has been provided regardless of plane and shape of the component. It can be
observed how the highest hardness was obtained for the powder particles and next to it the
mesh component. This is due to the cooling rate which is faster for mesh components
when compared to solid components, since a finer microstructure is obtained. Having a
lower value for the annealed component was not expected since the microstructure
obtained for the body-removed implant was bigger. Nonetheless, if we carefully observe
Figure 5.3.2, we can see what was expected, that the body-removed implant has the lowest
value when compared to EBM components with and without heat treatment. Figure 5.3.2
shows a graphical representation of the Rockwell C-scale hardness averaging components
regardless of shape and dimensions and classified only EBM as-fabricated, EBM annealed
and body removed.
Many can be the reasons why the HV average value was higher than expected for the
body-removed implant, but the more reasonable may be due to the fact that values were
only taken from the matrix, and therefore, precipitates were not considered for hardness
measurements as compared to Rockwell C-scale hardness testing.
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Figure 5.3.1 HV in GPa comparison.
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Figure 5.3.2 HRC comparison.
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5.4 TENSILE TESTING
Since tensile testing could only be performed from cylindrical and block samples, no
comparison could be made with the body-removed femoral knee component.

Solid

cylinders were used to pull the samples in the direction parallel to the building direction,
while block components were machined so that the pulling axis was perpendicular to the
building direction. Table II shows the results summarized. The main feature to consider
from this table is that the highest elongations obtained were for the HIPped and annealed
components regardless of the direction, but specially for the samples pulled parallel to the
building direction. If comparing both samples pulled in thesame direction, it can be
observed how the yield strength was increased for the samples HIPped in the direction
parallel to the building direction and how it is lower for the HIPped samples in the
direction perpendicular to the building direction. An observation to these results is the fact
that no matter what direction the sample was pulled, the ultimate tensile strength was
always higher for the HIPped samples. It must be stated that Table II was performed
utilizing averages of at least two samples, and (z) corresponds to samples pulled and
fabricated in the direction parallel to the pulling axis, while (x,y) corresponds to tensile
specimens imitating components fabricated and pulled in the direction perpendicular to
the building direction. ASTM F75 standards for wrought and cast Co-base alloys are added
for comparison purposes.
Table 2. Tensile testing results.

Direction

YS (GPa)

UTS (GPa)

Elongation (%)

EBM (z)

0.51

1.45

3.6

EBM (z) + HIP

0.60

1.15

32

EBM (x,y)

0.77

0.84

2.7

EBM (x,y) + HIP

0.63

0.99

20

ASTM F75

0.5

0.9
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<1 to ~5

5.5 X-RAY DIFFRACTION
Since carbides provide a huge impact on the materials properties it is important to
know how to make better use of them. It is stated that in most superalloys, M23C6 carbides
form at the grain boundaries after a postcasting or postsolution treatment, and this is
known to optimize creep-rupture life by preventing grain boundary sliding while providing
sufficient ductility in the surrounding grain for stress relaxation to occur without
premature failure.

On the other side, if carbides precipitate as a continuous grain-

boundary film the properties are severely degraded. It has been reported that M 23C6 films
reduced impact resistance in different nickel-based alloys and rupture lives and ductility
were lowered. Nevertheless, when no grain boundary carbide precipitate is present,
premature failure will also occur because grain boundary movement is essentially
unrestricted, leading to subsequent cracking at grain boundary triple points (Bradley,
1988).
It can be stated that fabricated components by EBM can generate Cr23C6 precipitates
in a columnar fashion and they can also be dissolved back into the matrix and segregate
into the grain boundaries after annealing. Figure 5.5.1 shows the comparison of the
powder with the EBM fabricated components before and after annealing as well as the CoCr-Mo body removed implant. If we look at this image we can see how peaks seem to be
shifting to the left by a few degrees, where different components match, especially the
carbides. If we observe Figure 4.1.7 no carbides would match in that spectrum, we only
obtained a match after the powder went through the EBM process. For the body-removed
implant we can say that the few peaks observed somehow match the peaks for the EBM
fabricated and annealed components, but if we go back to Figure 4.4.8 it is easier to see
how the peak shift provides a better match with Cr3C2 (bco) and Co7Mo6 (r) not observed
before.
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Figure 5.5.1. XRD comparison.
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CHAPTER 6
CONCLUSIONS
These results demonstrate the concept of materials with controlled microstructural
architecture (MCMA) which can be considered a fundamental extension of the traditional
material-science and engineering paradigm which relates structure, properties, process,
and performance as illustrated in figure 6.1.

The ability to control or develop

microstructural architectures adds an additional feature for this paradigm where
properties, processing and performance may be linked not only by microstructure, but for
selective or systematic organization of microstructures into architectures or architectural
arrays. The EBM processing, which creates small (~2μm) melt pool domains which are
linked by scanning across each powder layer, allows Cr23C6 carbides to form within these
domain arrays, and they are propagated in columns as each layer is added. Although the
beam or other EBM processing parameters have not been selectively altered in this work, it
may be possible to change the precipitate size or spacing within the melt column arrays.
Adding carbon to the alloy may also contribute to higher carbide precipitate density and
thereby alter the residual properties by forming denser or continuously carbide columns.

Figure 6.1. Materials science and engineering paradigm extension
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Comparison for this project is basically based on EBM fabricated components versus
the body removed Co-Cr-Mo knee implant. So far it can be stated that EBM fabricated
components show to be more promising basically for two reasons. Implants fabricated by
EBM can be customized or in other words they can be patient specific, meaning that the
patient in need of an implant can obtain a better fit out of the same. The second reason is
that implants, besides showing outstanding mechanical properties, can be fabricated
including a mesh portion which will allow for the bone to grow into the implant and
therefore obtain a better fixation besides the advantage of having a lighter component due
to the porosity included in the implant.
- By comparing microstructures, EBM as-fabricated components provide
better properties due to the alignment of the carbides when it is as-fabricated. Once
the component is annealed, properties, such as hardness, are less promising since
grain growth with precipitates concentrating at the low energy grain boundaries
occur.

TEM work confirms what stated even though no precipitates or even

boundaries could be observed in the annealed components.
- Since there is no background available on the body-removed implant, from
the microstructure observed it can be stated that it was probably annealed, and
providing a microstructural growth. By looking at the TEM images it can be stated
that the body-removed Co-Cr-Mo went under some work hardening treatment after
the annealing since dislocations were observed at locations close to the precipitates.
- Hardness testing, especially Rockwell C-scale, shows a nice representation
of what would be expected from the microstructure, EBM as-fabricated components
show the highest hardness with a value of 46 while the body-removed Co-Cr-Mo
component shows the lowest with a value of 26. Again, this was expected after
observing the microstructure of each component. It can be observed how EBM91

fabricated components show a higher hardness compared to ASTM F75 Co-base
alloy standards, even after performing the annealing treatment.
- Since tensile testing could not be performed on the body-removed implant
obtained, comparison could not be made in this section, but it can be concluded that
EBM fabricated components can obtain ductility that is visible even to our naked
eye, by observing at the necking obtained after pulling the tensile specimens. It can
be concluded that EBM Co-Cr-Mo components are capable of increasing their
percent elongation from ~2.7 for components fabricated in the direction
perpendicular to the building direction to ~20% after annealing the components. In
the same way, EBM fabricated component in the direction parallel to the building
direction can increase their percent elongation from ~3.6% to 32% after annealing.
-

From the XRD results the main conclusion is that EBM fabricated

components before and after annealing show Cr23C6 precipitates while the body
removed implant shows Cr3C2. Another big difference is the type of components
present, which are responsible for the mechanical properties and microstructure
obtained.
More traditional implant fixtures, such as the body-removed fixture, have no
features for enhanced biocompatibility by bone cell ingrowth into porous structures.
Attempts to coat these fixtures have been made, but this is not an efficient methodology.
The hugh Ti-6Al-4V stem attached to the body-removed implant can also be eliminated by
better attachment design. EBM fabrication can produce complex monoliths with sufficient,
efficient open-cellular structures. Furthermore, micro CT can provide patient-specific
design strategies for building optimal fixtures for the patient.
demonstrated these

features

This research has

and systematically examined their corresponding

microstructures and mechanical properties.
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APPENDIX

Figure 1. Optical micrograph showing acicular α -phase microstructure for a solid EBM cylindrical
component. Hardness was 3.5 GPa (Murr, 2010)

Figure 2. 1.1mm thick strip in a test element , showing refined α’ and β’ phase (dark dots), where the
hardness was 4.8 GPa. Same magnification as figure 1 (Murr, 2010).
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Figure 3. TEM bright-field images corresponding to figures 1 and 2. (a) Solid monolith exhibiting 2µm wide
α-platelets with β-phase boundaries. Arrow denotes an α/α grain boundary. (b) 1.1mm test plate TEM image
illustrating refined β (dark). The selected area electron diffraction (SAED) pattern insert in (a) shows the αphase (hcp) (0 0 1) plane while the SAED pattern insert in (b) shows additional, multiple diffraction spots
from the refine β-phase (Murr, 2010).
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